Summary.-Flow cytofluorimetric techniques, using acridine orange fluorescence to measure RNA and DNA simultaneously in EMT6 cells, have been employed to discriminate between three diploid DNA populations in vivo on the basis of their RNA content. Cells with the lowest RNA levels seem to be in the process of disintegration. Cells with the highest RNA levels correspond to those with the highest plating efficiency, and those with intermediate RNA levels are those with the lowest plating efficiency. In vitro studies have shown that log-phase cells have higher RNA levels than cells in the late plateau phase of growth.
THE metachromatic fluorescent property of acridine orange (AO), whereby the cytoplasm of suitably buffered cells emits in the red and the nucleus emits in the green, was first reported by Meissel (1951) . This was also discovered independently by von Bertalanffy and Bickis (1956) , Armstrong (1956) and Schummelfeder, Ebschner and Krogh (1957) . The phenomenon is attributable to the different binding properties of the dye to singleand double-stranded nucleic acids. Intercalation of the dye, resulting in green fluorescence, seems the most likely model for double-stranded nucleic acids ((ersch and Jordan, 1965) , whereas "'stacking" of dye molecules, as originally proposed by Bradley and Wolf (1959) , seems the most likely explanation for the red fluorescence associated with single-stranded species.
It has been shown that double-stranded RNA will emit green fluorescence and that denaturation of DNA to single-stranded forms in ribonuclease-treated cells, either by heat (Darzynkiewicz et al., 1974) or by formalin , will result in a proportional conversion from green to red fluorescence. However, Darzynkiewicz et al. (1975) were also able to show that selective denaturation of double-stranded RNA is possible, and using a flow cytofluorimetric instrument they demonstrated that about 50%0 of RNA in SK-L7 cells was in double-stranded form.
The techniques described by Darzynkiewicz et al. (1975) , which require fixation of cells, have been employed in our laboratories to attempt to obtain simultaneous DNA and RNA estimations of populations of EMT6 cells. This was partly successful for cells growing in tissue culture during log and late plateau phases of growth, but we found that considerable cell clumping occurred during the procedures. We also found that the clumping problem was so severe for disaggregated in vivo cells that the methods could not be used in this system, and a staining procedure for unfixed cells was developed.
Recently, Traganos et al. (1977) 
EMT6 cells
Cells growing in vitro were investigated during log and late plateau phases of growth. In vivo cells were obtained from tumours with volumes between lOO mm3 and 200 mm3. The handling and disaggregation procedures have been described previously by Twentyman et al. (1975) for the in vitro system and by Twentyman and Bleehen (1974) for the in vivo system.
Staining procedures
Method 1 (after Darzynkiewicz et al., 1975) .-These methods were used for the in vitro studies only. Single cell suspensions, obtained after trypsinization of the monolayer, were spun down and washed in a buffer containing 0-25M sucrose, 5 mM MgCI2 and 20 mm tris-HCl at pH 7-4 (SMT buffer).
The washed cells were fixed in 50% methanol and then subjected to various combinations of the following procedures.
RNA denaturation was carried out by heating at 450C for 5 min in a 1 mm Naphosphate buffer containing 5 X 10-5M EDTA. RNA removat was effected by incubation for 30 min at 370C in 1 mm Na-phosphate buffer containing ribonuclease A (Sigma Chemicals Ltd) at a concentration of 0-5 mg/ml. Histone extraction.-Basic histones, which may mask potential binding sites for AO in the DNA, were extracted with 0-1N HC1.
Acridine orange staining was performed by resuspending cells in SMT buffer containing 5 mg AO per litre.
The protocol in Fig. 1 depicts the sequence of procedures used in Method 1 staining.
Method 2.-Unfixed in vivo cells were stained in a phosphate buffer containing 0-067M KH2PO4, 0-067M Na2HPG4, 0-167M sucrose and 5 mg/l AO adjusted to pH 6-0. The sucrose was added to maintain isotonicity. Excluding the sucrose, this is the buffering solution that von Bertalanffy and Bickis (1956) found which gave the optimum discrimination between red cytoplasmic and green nuclear fluorescence. This method requires about 30 min for fully stable staining to develop.
Method 3 (after Traganos et al., 1977) .-A two-step staining procedure was employed in which 1 -0-ml samples of cells suspended in ice-cold medium were added to 1-5 ml of an ice-cold solution containing 0-1% (v/v) triton X-100, 0-IN HCl and 0-15N NaCl. After full mixing (45 to 60 seconds) 5 ml of the staining solution was added. This contained AO 5 mg/l, 5 X 10-3M EDTA, 0-15N NaCl in a phosphate-citrate buffer. The composition of the buffer was adjusted so that the pH of the final staining solution varied between 4-0 and 6-0. It was found that the optimum final pH for red/green discrimination was pH 4-5 to 5-0, which was achieved with a combination containing 7-5 parts 0-IM di-sodium hydrogen orthophosphate plus 2-5 parts 0-IM citric acid. (1977) . Briefly, the trypsindisaggregated single-cell suspension, which contains normal as well as tumour cells, was resuspended in whole inedium and placed in a pre-warmed plastic flask in an atmosphere of air containing 5%' CO2 and incubated for 20 min at 37°C. During this time a population of cells attaches to the plastic surface. On subsequent re-trypsinization and plating, this population has been shown to have a mean plating efficiency, PE, of 85%. The PE of the original suspension was about 55 %O, and the PE of tumour cells remaining in the supernatant medium after 20 min incubation varied from 20% to 40% between experiments.
RESULTS
In vitro studies using Method 1 Fig. 2 gives the results following RNA denaturation either with or without RNAse treatment (Arm A of the protocol depicted in Fig. 1 ) for log and late plateau phases of growth. The A and C panels respectively show the results before and after RNAse treatment for log-phase cells, and the B and D panels show the comparable results for late-plateau cells. Panels with subdesignation "1" show the histograms of green fluorescence, and and those with the "2" subdesignation show the "cytogram" of red (ordinate) vs green (abscissa) fluorescence for the population. The "cytogram" is made up of a series of "dot-plots" in which the green/red fluorescence of an individual cell is represented by a single dot on the storage oscilloscope with X/Y coordinates proportional to the respective fluorescence emissions. The red and green photomultiplier gain settings were identical in all cases, and reference lines have been drawn through Channels 10 (b) RNAse treatment reduces the red fluorescence of both log and late plateau cells to identical very low levels (Panels C2 aild D2).
(c) The red fluorescence in D2 is lower than in B2 indicating that late plateau cells contain some RNA.
The results for Arm B of the protocol depicted in Fig. 1 (a repeat of Arm A but with the additional step of histone extraction) are shown in Fig. 3 . The display is directly analagous to that in Fig. 2 , and it shows essentially the same results, but with the following exceptions.
(a) The green fluorescence photomultiplier gain setting had to be reduced from 4-36 to 4 04 to place the first peak, GI, at the same position on the abscissa, Channel 30, as in Fig. 2 . This reduction in gain setting corresponds to a 1*68-fold increase in fluorescence intensity after histones are removed. Traganos et al. (1977) have reported an even higher increase, of 2*4-fold, after histone extraction at pH 1 0 in Friend leukaemia cells.
(b) Following RNAse treatment, there is slightly more red fluorescence in both log and late-plateau cells in comparison with the results without histone extraction (compare C2 and D2 in Fig. 2 and 3 ). This suggests that some DNA is being converted to single-stranded form by the acid extraction and consequently fluorescing red.
The cell-clumping problem mentioned in the introduction is evident from the log-phase data shown in Fig. 3 and from the late-plateau data shown in both Figs. Propidium-iodide staining using the hypotonic-citrate method of Krishan (1975) , which lyses cells and liberates single nuclei, resulted in a single peak for late-plateau cells. The "A" panels in Fig. 3 show a very distinct "tail" of clumped cells beyond the G2 + M peak (1977) .
Data from a whole tumour sample are given in Fig. 5 . Fouir populationis of cells can be discerned in Fig. 5A (Watson, 1977) and this has varied between 7-1 0 and 10% for in vivo cells.
In spite of the clumping problem with I II-)9X our cells, using Method 1 procedures, we were able to obtain a clear distinction between log and late-plateau phase diploid cells on their RNA content (see Fig. 2 , Panels A2 and B2). This difference was even more marked after histone extraction (Fig. 3 , Panels A2 and B2). It is possible that the additional step in O*1N HCI prevented any recombination of denatured RNA (resulting in green fluorescence), hence producing better discrimination between RNA and DNA. This would account not only for the better DNA histograms in Fig. 3 Fig. 7B and 7C ; however, the use of the term "clonogenic" requires some qualification in this context. By definition in this study, it is the fraction of the total population with the highest plating efficiency. The method, therefore, represents an in vitro end point assay of an in vivo system, and it has not yet been shown that this definition of clonogenicity is applicable to in vivo cells remaining in vivo. It is likely that those cells which are more clonogenic in vitro are also more clonogenic in vivo, but it is also possible that non-clonogenic cells as assayed in vitro could be clonogenic in vivo had they remained in situ.
At present, we do not know if it will be possible to discriminate between these two populations in unseparated samples. However, with Method 2 staining, we have consistently noted that the GI DNA peak of cells with the low RNA content is shifted slightly to the left of the GI DNA peak of cells with high RNA levels. This is apparent in Figs. 4C and 4D. It was also observed for the DNA peaks obtained from Fig. 7B and 7C with Method 3 staining. This could represent differences in chromatin structure between more clonogenic and less clonogenic cells, resulting in different binding properties of the stain. Darzynkiewicz et al. (1977) were able to discriminate not only between G2 and mitotic cells, but also between GO and GI cells by exploiting differences in AO binding at various pHs to different chromatin structure. Thus it may be possible to discriminate between clonogenic and nonclonogenic EMT6 cells in the same sample with modifications to the staining procedures combined with computed assistance to enable 3-dimensional analyses of the data to be carried out.
Throughout these initial studies, no formal attempt has been made to compute the proportions of cells in the various categories defined by these differential staining techniques. At present we do not have the 3-dimensional computer analysis capability which is essential for quantitation. Furthermore, concerning the histograms in Fig. 7 , we have referred to these as representing the RNA profiles of the diploid DNA populations. This is not strictly accurate, as some cells with higher than diploid DNA levels are present. However, in Fig. 7C the majority of S-phase cells have RNA fluorescence levels which take them off the abscissa scale with the gain settings used, and it can be seen that "contamination" due to cells with low RNA levels and higher than diploid DNA levels is not very great in Fig. 7B .
The cause-and-effect relationships between RNA content and clonogenicity cannot be determined from these studies. However, it seems possible that the "end point" of RNA content is a manifestation of complex biochemical differences between clonogenic and non-clonogenic cells.
